Background. Heterozygous states of hemoglobin (Hb) A and HbS (HbAS, sickle-cell trait) or HbC (HbAC) protect against Plasmodium falciparum malaria by unclear mechanisms. Several studies suggest that HbAS and HbAC accelerate the acquisition of immunity to malaria, possibly by enhancing P. falciparum-specific antibody responses.
Heterozygous states of normal hemoglobin (Hb) A and HbS (HbAS, sickle-cell trait) or HbC (HbAC) protect against Plasmodium falciparum malaria by unclear mechanisms, although several possibilities have been suggested [1] [2] [3] [4] [5] [6] [7] [8] . These include poor growth of P. falciparum in HbAS red blood cells (RBCs) under conditions of low oxygen tension [9, 10] , accelerated removal of P. falciparum-infected HbAS RBCs (iRBCs) by splenic macrophages [11] , and abnormal display of P. falciparum erythrocyte membrane protein 1 (PfEMP1), the parasite's cytoadherence ligand and principal virulence factor, on the surface of HbAS and HbAC iRBCs [12, 13] .
Another not mutually exclusive hypothesis is that HbAS and HbAC 'enhance' naturally acquired immunity to malaria [14, 15] . Children with HbAS and HbAC acquire the same level of antimalarial immunity as HbAA children, but at a younger age. In support of this hypothesis, Williams et al [16] found that the incidence of uncomplicated malaria in HbAS children decreases more rapidly with age, a surrogate for naturally acquired immunity in endemic areas, than in HbAA children. That purified immunoglobulin G (IgG) from malaria-immune adults can clear high-density parasitemias in children with malaria strongly indicates that P. falciparum-specific IgG is a central effector of antimalarial immunity [17] . In light of these observations, early seroepidemiologic studies compared total serum IgG levels between HbAA and HbAS children. These studies produced inconsistent results, with some reporting similar [18] or higher [19] IgG levels in HbAS children. The significance of these findings is unclear, however, because P. falciparumspecific IgG responses either were not measured [19] or were found to be lower in HbAS children [18] .
More recently, seroepidemiologic studies have explored the relationship between HbAS and P. falciparum-specific IgG levels. Most of these studies have tested 1 of 2 hypotheses: (i) HbAS and HbAC enhance immunity to malaria by 'generally' stimulating IgG responses to P. falciparum proteins, independent of the parasite life-cycle stage at which they are expressed; and (ii) HbAS and HbAC enhance immunity to malaria by 'specifically' stimulating IgG responses to P. falciparum proteins expressed on the iRBC surface. Investigators believe these specific IgG responses are directed to variant surface antigens (VSAs) including PfEMP1, which is abnormally displayed on the surface of P. falciparum-infected HbAS and HbAC RBCs [12, 13] . Studies testing the first hypothesis have produced mixed results, with some finding higher, similar, or lower P. falciparum-specific IgG levels in HbAS children [20] [21] [22] [23] [24] [25] . These studies are inherently biased, however, in that IgG specific for relatively few proteins (eg, CSP, EBA-175, GLURP, MSP1, MSP2, MSP3, or Pf155/ RESA) or fragments thereof has been measured (,0.5% of the .5000 predicted P. falciparum proteins [26] ). Studies testing the second hypothesis have shown higher IgG titers to VSAs in HbAS versus HbAA children [25, 27, 28] , and more recently in HbAC versus HbAA children [25] . However, this approach has not produced consistent findings in different epidemiological settings [25] and lacks antigen specificity because it assays IgG reactivity to multiple uncharacterized antigens on the iRBC surface.
To explore whether HbAS and HbAC enhance the P. falciparum-specific IgG response, we used a protein microarray representing 23% of the P. falciparum proteome (1204 known and hypothetical proteins) to compare IgG profiles of HbAA, HbAS, and HbAC children with lifelong exposure to intense seasonal P. falciparum transmission. Specifically, we tested whether HbAS and HbAC enhance the IgG response to: (i) all P. falciparum proteins on the microarray irrespective of the lifecycle stage at which they are expressed; (ii) P. falciparum proteins that are maximally expressed during the erythrocytic stage; (iii) P. falciparum proteins known or predicted to be expressed on the iRBC surface; and (iv) P. falciparum VSAs known to be expressed on the iRBC surface. In testing each hypothesis, we compared the magnitude (level) and breadth (proportion of proteins recognized) of IgG responses as surrogates for their ability to confer protection against malaria.
MATERIALS AND METHODS

Ethics Statement
The Ethics Committee of the Faculty of Medicine, Pharmacy, and Odontostomatology at the University of Bamako, and the National Institute of Allergy and Infectious Diseases Institutional Review Board approved this study. Written, informed consent was obtained from parents or guardians of participating children.
Study Site
This study was conducted in Kambila, Mali, a small (1 km  2 ) rural village with a population of 1500 persons where P. falciparum transmission is seasonal and intense [29, 30] . In May 2006, during a 2-week period just prior to the malaria season, 176 children aged 2-10 years were enrolled in the study after random selection from an age-stratified census of the entire village population. Enrollment exclusion criteria were Hb level ,7 g/dL, axillary temperature $37.5°C, acute illness discernable on examination, or use of antimalarial or immunosuppressive medications in the past 30 days. Blood smears and venous blood samples were collected during the 2-week enrollment period and during a 2-week period at the end of the 6-month malaria season. A detailed description of the study site is reported elsewhere [29] .
Blood Samples
We drew venous blood into sodium citrate-containing tubes (BD Biosciences, Vacutainer CPT) and transported it 20 km to the laboratory for processing within 3 hours of collection. We isolated the plasma and stored it at 280°C.
Hemoglobin Type
We used high-performance liquid chromatography (D-10 instrument; Bio-Rad) to identify Hb type.
Blood Smears
We stained thick blood smears with Giemsa and counted them against 300 leukocytes. We recorded P. falciparum densities as the number of asexual parasites/lL blood, based on a mean leukocyte count of 7500 cells/lL. Two microscopists evaluated each smear; a third resolved discrepancies.
Microarray Construction and Antibody Profiling
As described elsewhere [31, 32] 
RESULTS
Study Population
This study was conducted in Kambila, Mali, because of the sharp demarcation between the 6-month malaria season, during which there is intense P. falciparum transmission, and the 6-month dry season, during which there is little to no P. falciparum transmission [29, 30] . In May 2006, during a 2-week period at the end of the dry season, we enrolled 176 children aged 2-10 years in the study after random selection from an age-stratified census of the village population. At enrollment, 13 children (7.4%) had asymptomatic P. falciparum infection; we excluded them to focus on antibodies that persist in the absence of P. falciparum infection at the end of the dry season. We also excluded children with HbCC (n 5 1) or whose Hb type was not identified (n 5 6). Of the remaining 156 children, microarray data were available for 141: 106 with HbAA, 15 with HbAS, and 20 with HbAC. The proportions of children with HbAA (75%), HbAS (11%), and HbAC (14%) reflect the prevalence of these Hb variants in this region (Fairhurst et al, unpublished data) . The average age, weight, and gender ratio did not differ by Hb type (Table 1) . Nearly all children irrespective of Hb type had $1 P. falciparum infection during the study ( Table 1) . As previously reported, age and HbAS were independently associated with a decreased risk of malaria in this cohort [29] .
The Magnitude and Breadth of the P. falciparum-Specific IgG Response Increases With Age and P. falciparum Transmission
We first examined the IgG response with age, a surrogate for cumulative P. falciparum exposure, and from before to after the 6-month malaria season, irrespective of Hb type. Analyses pertain to the 491 P. falciparum proteins to which IgG reactivity exceeded 2 standard deviations (SDs) above the negative control. These proteins (Table 1 ; online only) represent a broad range of exoerythrocytic-and erythrocytic-stage P. falciparum proteins and are referred to here as 'immunoreactive.' Using plasma collected before the malaria season, we compared the mean level of IgG reactivity specific for each of the 491 proteins in children aged 2-5 years with that in children aged 6-10 years ( Figure 1A ). IgG reactivity specific for 478 of 491 proteins was higher in children aged 6-10 years; IgG reactivity to 126 of these remained significantly higher after correcting for the FDR (significance cutoff P , .0001), a statistical method used to correct for multiple comparisons. The average number of P. falciparum proteins to which IgG was detected increased with age (2-5 y: 138 proteins [95% CI, 128-148 proteins]; 6-10 y: 234 proteins [95% CI, 221-247 proteins]; P , .0001). We compared the mean level of IgG reactivity specific for each of the 491 proteins before and after the 6-month malaria season ( Figure 1B ). IgG reactivity specific for 490 of the 491 proteins was higher after the malaria season, and reactivity to 254 of these remained significantly higher after correcting for the FDR (significance cutoff P , .0001). Likewise, the average number of P. falciparum proteins to which IgG was detected increased from before to after the malaria season (before: 183 proteins [95% CI, 174-192 proteins]; after: 292 proteins [95% CI, 283-301 proteins]; P , .0001). As previously reported, IgG reactivity specific for Epstein-Barr nuclear antigen 1 (EBNA-1) printed on the same microarray did not change from before to after the malaria season [31] . Taken together, these data provide evidence for the P. falciparum-specificity of IgG reactivity measured on the microarray. Abbreviations: HbAA, hemoglobin type AA; HbAS, hemoglobin type AS; HbAC, hemoglobin type AC; SD, standard deviation. a The characteristics of HbAS and HbAC children were compared with those of HbAA children using Fisher exact tests and Wilcoxon rank-sum tests for binary and continuous variables, respectively. b P. falciparum smear positivity detected either during passive surveillance for malaria episodes over the 6-mo malaria season, or by active surveillance during 3 cross-sectional surveys conducted every 2 mo, as previously described [29] . Figure 1 . The magnitude of the Plasmodium falciparum-specific immunoglobulin G (IgG) response increases with age and from before to after the malaria season. A, Shown is the average IgG reactivity specific for each of the 491 immunoreactive P. falciparum proteins measured in plasma collected before the malaria season from P. falciparum-uninfected children aged 2-5 y (n 5 73) and 6-10 y (n 5 68). IgG reactivity specific for 478 of the 491 proteins was higher among children aged 6-10 y, and reactivity to 126 of these remained significantly higher after correcting for the false-discovery rate. B, Shown is the average IgG reactivity specific for each of the 491 immunoreactive P. falciparum proteins measured in plasma collected from all children (n 5 141) before and after the 6-month malaria season. IgG reactivity specific for 490 of the 491 proteins was higher after the malaria season, and reactivity to 254 of these remained significantly higher after correcting for the false-discovery rate. The Dunn-Bonferroni method was used to correct for the false discovery rate by setting the level of statistical significance at P 5 .0001 (b 5 a/n, where a 5 .05 and n 5 491 tests performed).
HbAS and HbAC Are Not Associated With Significant Differences in the Magnitude or Breadth of the P. falciparum-Specific IgG Response
Next we tested the hypothesis that HbAS and HbAC generally enhance P. falciparum-specific IgG responses against a broad range of exoerythrocytic-and erythrocytic-stage proteins. We compared the magnitude and breadth of IgG reactivity specific for the 491 proteins among children with HbAA, HbAS, and HbAC before and after the malaria season. In comparing 2-to 10-year-old children with HbAA versus those with HbAS, we found no significant differences in IgG levels specific for any of the 491 proteins before (Figure 2A ) or after ( Figure 2B) Next we tested the hypothesis that HbAS and HbAC selectively enhance the IgG response to P. falciparum proteins expressed during the erythrocytic stages of the P. falciparum life cycle (ring, trophozoite, schizont, gametocyte) relative to the response to proteins expressed during the exoerythrocytic stages (sporozoite, merozoite). Because age was a strong predictor of the P. falciparum-specific IgG response ( Figure 1A ), we performed age-adjusted regression analysis to examine the relationship among Hb type and IgG responses to P. falciparum proteins expressed at different life-cycle stages. We grouped the 491 immunoreactive P. falciparum proteins into life-cycle stages at which they have been found to be maximally expressed (Supplementary Table 1 ), either at the protein level by mass spectroscopy (sporozoite, merozoite, trophozoite, gametocyte; accessed on www.plasmodb.org) [33] or at the RNA transcript level by Affymatrix (merozoite, ring, trophozoite, schizont, gametocyte; accessed on www.plasmodb.org) [34] . Using massspectroscopic or transcriptional data, we found that Hb type did not predict the magnitude of IgG responses specific for different stages of the P. falciparum life cycle before or after the malaria season (Table 2) . Similarly, the number of proteins recognized within each life-cycle stage before or after the malaria season (breadth of response) did not differ significantly by Hb type (Table 3) . Of note, the magnitude and breadth of IgG responses specific for proteins expressed during each life-cycle stage increased significantly with age (Tables 2 and 3 ).
HbAS and HbAC Are Not Associated With Enhanced IgG Responses to P. falciparum Proteins Expressed on the iRBC Surface
Next we tested the hypothesis that HbAS and HbAC selectively enhance IgG responses to P. falciparum proteins expressed on the iRBC surface. In age-adjusted regression analysis, we determined the magnitude and breadth of IgG responses specific for the 491 proteins for which there is evidence of expression on the iRBC surface by proteomic analysis [35] or by the presence of a Plasmodium export element (PEXEL) motif [36] or hosttargeting (HT) signal (Supplementary Table 1 ) [37] . Whether classified by proteomic data or the presence of a PEXEL motif or HT signal, Hb type did not predict IgG levels specific for proteins putatively or known to be expressed on the iRBC surface before or after the malaria season (Table 2) . Likewise, the number of P. falciparum-encoded iRBC surface proteins recognized before or after the malaria season did not differ significantly by Hb type (Table 3) . Again, the magnitude and breadth of IgG responses specific for P. falciparum proteins expressed on the iRBC surface increased with age (Tables 2  and 3 ). Table 1 ). Hb type did not predict IgG levels specific for VSAs before or after the malaria season in age-adjusted analysis (Table 2) . Furthermore, the proportion of children with IgG specific for at least 1 protein in each VSA family did not differ significantly by Hb type in ageadjusted analysis (Table 3) . Consistent with the IgG responses to other P. falciparum protein categories, the magnitude and breadth of IgG responses specific for proteins in each VSA family increased with age (Tables 2 and 3 ).
DISCUSSION
We tested the hypothesis that HbAS and HbAC accelerate the acquisition of humoral immunity to malaria by profiling IgG responses of Malian children to a diverse array of P. falciparum proteins expressed at all stages of parasite development in humans. Because these children were young and lived continuously in their village, they were actively acquiring malaria immunity during this study. Accordingly, we found that the magnitude and breadth of IgG responses specific for 491 P. falciparum proteins increased with age. We also found that P. falciparumspecific IgG responses increased from before to after the malaria season, during which nearly all children experienced $1 P. falciparum infection. Together these data indicate that P. falciparum proteins on the microarray are folded adequately enough to bind at least some proportion of the P. falciparumspecific IgG repertoire of Malian children, and that the microarray can detect expected differences in IgG responses between different groups of Malian children sampled simultaneously (younger versus older), or the same group of children sampled longitudinally (before and after the malaria season). Importantly, we previously found that IgG responses to P. falciparum proteins expressed in the high-throughput translation system correlated with IgG responses to correctly folded recombinant proteins spotted onto the same microarray [31] . Moreover, in children of all ages, we detected IgG specific for purified EBNA-1 printed on the same microarray, but we did not observe consistent changes in EBNA-1-specific IgG from before to after the malaria season [31] . Using this protein microarray, we compared P. falciparumspecific IgG profiles of children who differed by Hb type. In ageadjusted analyses, we found that the magnitude and breadth of IgG responses did not differ among HbAS, HbAC, and HbAA children either before or after the malaria season. These data suggest that Hb type does not modulate the acquisition or maintenance of P. falciparum-specific long-lived plasma cells or memory B cellsdassayed indirectly by measuring IgG levels before and after the malaria season, respectively. These findings were made regardless of the life-cycle stage at which parasite proteins are expressed, or of whether the proteins are expressed in the interior or on the surface of iRBCs. Our findings differ from those of Verra et al [25] , who found that P. falciparumspecific IgG responses are enhanced in HbAS and HbAC children in Burkina Faso. Whereas this conclusion was based on differences in IgG responses to well-characterized P. falciparum proteins expressed at different life-cycle stages, relatively few proteins (CSP, AMA1, EBA-175, MSP1 19 , MSP-2) were studied. Furthermore, this conclusion was supported only by data obtained from children in urban Ouagadougou and not by data from children residing in nearby rural villages where immunity is more continuously acquired with age. Most importantly, age-adjusted analyses were not performed on data obtained from urban children due to lack of age data on a significant proportion of them [25] .
This study has several strengths that permit a more comprehensive assessment of the effect of HbAS and HbAC on the acquisition of P. falciparum-specific humoral immunity. Importantly, we studied IgG responses to a sufficiently large and diverse number of P. falciparum proteins to permit analyses of subsets of P. falciparum-specific IgG responses by life-cycle stage and subcellular location within iRBCs. In addition, we designed the study to minimize differences in P. falciparum exposure between children who differed by Hb type. Specifically, we enrolled an age-stratified, randomly sampled population representing 15% of individuals living in a small community with no dominant body of water that experiences intense, annual P. falciparum transmission. Moreover, households of HbAS and HbAC children were distributed evenly over the study site [29] . Thus children in a given age group differed by Hb type but not cumulative P. falciparum exposure. Furthermore, the study was restricted to children without P. falciparum infection before the malaria season at the time of plasma sampling, thus limiting the potential confounding effects of concurrent P. falciparum infection and consequent boosting of P. falciparum-specific IgG.
This study also has limitations. First, the expected finding of a strong association between IgG responses and age might have confounded the relationship between IgG responses and Hb type. However, the ages of HbAA, HbAS and HbAC children did not differ significantly, and in age-adjusted analyses there was no relationship between P. falciparum-specific IgG responses and Hb type. Second, we assayed P. falciparum-specific IgG responses in a relatively small number of HbAS (n 5 20) and HbAC (n 5 15) children. Although HbAS and HbAC children combined represented 25% of the children in the study, a larger study may have detected more subtle differences in IgG responses. Third, it is possible that HbAA children who generated low-titer, nonprotective IgG responses early in life had already died prior to this study. If true, this may have artificially enriched the group of HbAA children for those having higher-titer and more-broadly reactive IgG responses. Finally, we measured IgG responses to a limited set of PfEMP1 proteins and other VSAs, and it is possible that all relevant epitopes of these proteins in particular are not displayed on the microarray. The role of these proteins in antigenic variation and cytoadherence strongly implicates them as important targets of naturally acquired immunity to malaria [38] [39] [40] . Given the possibility that PfEMP1 levels are reduced on the surface of HbAS and HbAC iRBCs in vivo, one might reasonably expect that these Hb variants modulate the acquisition of antibodies to PfEMP1 and other VSAs, and it will be essential that future studies quantify IgG responses to substantial numbers of PfEMP1, RIFIN, STEVOR, and SURFIN protein sequence variants.
It remains possible that HbAS and HbAC protect against malaria by enhancing antibody responses to antigens not studied Figure 2 . Hemoglobin S trait (HbAS) and hemoglobulin C trait (HbAC) are not associated with significant differences in the magnitude of the Plasmodium falciparum-specific immunoglobulin G (IgG) response. Shown is the average IgG reactivity specific for each of the 491 immunoreactive P. falciparum proteins measured in plasma collected before (A ) and after (B ) the malaria season from P. falciparum-uninfected children aged 2-10 y with either HbAA (n 5 106) or HbAS (n 5 15). There was no statistically significant difference in the level of IgG reactivity specific for the 491 proteins between the 2 groups of children at either time point. Also shown is the average IgG reactivity specific for each of the 491 immunoreactive P. falciparum proteins measured in plasma collected before (C ) and after (D ) the malaria season from P. falciparum-uninfected children aged 2-10 y with HbAA (n 5 106) or HbAC (n 5 20). There was no statistically significant difference in the level of IgG reactivity specific for the 491 proteins between the 2 groups of children at either time point. The Dunn-Bonferroni method was used to correct for the false discovery rate by setting the level of statistical significance at P 5 .0001 (b 5 a/n, where a 5 .05 and n 5 491 tests performed).
here, or by immune mechanisms not measured in this study. For example, HbAS and HbAC may modulate the quality of antibody responses (fine specificity, IgG subclass ratios [41, 42] ) or innate and cellular immune responses. Indeed, Ferreira et al recently demonstrated in a mouse model that sickle Hb may suppress the immune-mediated pathogenesis of cerebral malaria [43] .
In conclusion, our data suggest that neither HbAS nor HbAC significantly enhances the magnitude or breadth of IgG responses specific for a diverse array of P. falciparum proteins. Further studies are needed to better understand the relationships among HbAS, HbAC, and acquired immunity to malaria.
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